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The electronic configurations of Fe, Co, Ni, and Cu adatoms on graphene and graphite have
been studied by x-ray magnetic circular dichroism and charge transfer multiplet theory. A deli-
cate interplay between long-range interactions and local chemical bonding is found to influence the
adatom equilibrium distance and magnetic moment. The results for Fe and Co are consistent with
purely physisorbed species having, however, different 3d-shell occupancies on graphene and graphite
(dn+1 and dn, respectively). On the other hand, for the late 3d metals Ni and Cu a trend towards
chemisorption is found, which strongly quenches the magnetic moment on both substrates.
PACS numbers: 68.65.Pq, 73.20.Hb, 75.70.Rf, 68.43.-h
Graphene is recognized as an excellent candidate for
spintronics applications. The incorporation of magnetic
elements in graphene is expected to result in hybrid sys-
tems with a variety of magnetic functionalities, given the
large spin diffusion length and high carrier mobility in
graphene [1, 2]. Interfaces with ferromagnetic layers for
example are promising for both spin injection [3, 4] and
magnetic tunnel junctions [5] whereas single magnetic
impurities attached to graphene are predicted to spin po-
larize graphene atoms, leading to gate tunable, indirect
magnetic coupling [6, 7]. Transition metal (TM) atoms of
the fourth period provide a convenient model system to
study the interactions with graphene at the atomic scale,
since their outmost 3d-shells, accessible to spectroscopy
studies, are very sensitive to the chemical and magnetic
environment of the adatom.
A few scanning tunneling microscopy (STM) exper-
iments have addressed the adsorption behavior of TM
adatoms on several surface supported graphene systems:
Fe on graphene/Ru(0001) [8]; Co on graphene/SiO2 [9];
Co, Fe and Ni on graphene on the Si-face of SiC [10–
12]; Co on HOPG [13] and Co on graphene/Pt(111) [14].
First studies on the magnetic properties of single TM
adatoms on supported graphene were presented only very
recently [10, 14]. From these investigations it appears
that the adsorption geometries, interaction strengths and
magnetic susceptibilities depend on the specific proper-
ties of the employed graphene sample system.
Standard functionals in Density Functional Theory
(DFT) poorly capture dispersive interactions [15] and
shortcomings are especially prominent when modeling
graphene situated on underlying materials [16], which
participate in long-range interactions and can greatly in-
fluence the bonding character. However, DFT-based ap-
proaches have been extensively used to predict magnetic
moments and adsorption geometry for the ideal case of
TMs on free-standing graphene [17–21]. Within DFT the
free-atom electronic configurations are never preserved,
as the 4s states become unfavorable in the presence of
graphene and promote larger 3d-shell occupations. As
a consequence, for the late 3d elements Fe, Co and Ni,
lower spin values compared to the free-atom case are
expected. In disagreement to the DFT results, a re-
cent quantum chemical study [22] has suggested that
Co atoms might be physisorbed on graphene, with dis-
tances to the graphene layer large enough to maintain
the free-atom electronic configuration d7 with spin 3/2.
First experimental results for Fe, Co and Ni in Ref. [10]
seem to hint enhanced d-shell occupancies, however, a
rigorous quantitative determination is missing.
Here, we use x-ray magnetic circular dichroism
(XMCD) and x-ray absorption spectroscopy (XAS)
techniques to determine the d -shell occupation and
magnetism of Fe, Co, Ni and Cu on highly oriented
pyrolitic graphite (HOPG) and few-layer graphene
grown on the C-terminated face of SiC [SiC(000-1)]
(FLG). FLG with rotationally disordered stacking of
more than five carbon layers provides a neutral surface
with a Dirac dispersion, which is the closest to ideal
graphene [23].
We find that on HOPG, Fe and Co retain their free-atom
electronic configuration corresponding to dn high-spin
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FIG. 1: XAS and XMCD spectra of Fe and Co adatoms after
substrate background subtraction measured at T = 8K and
B=5T for polar (a-b) and in-plane (c-d) geometries. Respec-
tive coverages are 0.020ML Fe and 0.006ML Co on HOPG,
as well as 0.007ML Fe and 0.008ML Co on FLG. (e-f) show
simulated XAS and XMCD spectra for pure d6 and d7 free
atomic configurations.
states with n = 6 and n = 7, respectively. On FLG,
however, Fe and Co prefer a dn+1 configuration, which
is clearly reflected in the different x-ray spectral shapes
compared to the free-atom counterparts. The strong
differences found for the two multi-layer graphene
substrates suggests that long-range interactions affect
the adsorption of TMs and determine their ground
state. For both graphene and HOPG we identify the
bonding mechanism as physisorption, since no charge
transfer between the guest TM and the host carbon
atoms occurs.
For the later 3d elements Ni and Cu, instead, no
substantial differences are found on graphene and
HOPG. Surprisingly, Cu shows pronounced whiteline
intensities, concomitant with a non-filled 3d shell, but
little magnetic susceptibility. This behavior is attributed
to the joint action of d-d intra-atomic Coulomb repulsion
and charge fluctuation at guest atom sites. According to
the electronic configuration, we describe the bonding as
chemisorption for Cu and a mixed phase of chemisorbed
and physisorbed species for Ni.
METHODS
Measurements were performed at the beamline ID08 of
the European Synchrotron Radiation Facility using cir-
cularly polarized light tuned to the 3d element L2,3 ab-
sorption edges.
TMs were deposited in-situ onto FLG and HOPG at
T = 8K inside the magnet chamber by e-beam evapo-
rators. TM coverages in units of monolayers (MLs) are
given with respect to their bulk close-packed surfaces.
Magnetic fields of B = 5T were applied along the x-ray
beam, both making an angle Θ relative to the surface
normal. The XAS (XMCD) signal is defined as the av-
erage (difference) between positive and negative circu-
larly polarized absorption spectra, which were measured
at T = 8K in the total electron yield mode for polar
(Θ = 0◦) and in-plane (Θ = 70◦) geometries. All spec-
tra shown in this work correspond to a maximum total
x-ray exposure time of 2 minutes, which minimizes ob-
served beam-induced time effects. For details of sample
preparation and measuring procedure we also refer to the
supplementary information (SI).
XAS and XMCD spectra are simulated using charge
transfer multiplet theory [24]. The numerical implemen-
tation is described in Ref. [25]. In our simulations we
model the effect of electron charges at the surrounding
carbon sites of the honeycomb network of graphene by a
trigonal crystal field (CF) with symmetry C6v for hollow
sites and C3v for top sites (see SI for a definition of the
relevant CF parameters).
RESULTS
Fig. 1 shows experimental XAS and XMCD spectra
of Fe and Co impurities on HOPG and FLG in polar
(a-b) and in-plane (c-d) geometries. A rich multiplet
structure is observed on HOPG as in the case of single
atoms weakly interacting with the substrate [26]. Mul-
tiplets in XAS originate from the core-hole interaction
with the valence shell during photo-electron excitation,
which serves as a fingerprint of the electronic configura-
tion of single atoms [27]. Fe and Co spectra on HOPG
strongly resemble the simulated spectra for free d6 and
d7 atoms displayed in Fig. 1(e-f). Equal XAS spectral
shapes and intensities measured in polar and in-plane ge-
ometries further support the interpretation of free atom-
like electronic configurations.
On FLG instead, the spectra of Fe and Co atoms are
strikingly different: The multiplet structure is less pro-
nounced and the intensity of the XMCD with respect to
XAS has decreased while the overall XAS and XMCD
lineshapes remain nearly isotropic. These effects arise
from a screening of the above mentioned core-hole inter-
action as well as a decreased magnetic moment in the 3d
shell. This suggests an enhanced atom-substrate interac-
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FIG. 2: Isotropic resonant XAS intensity of Fe, Co, Ni, and
Cu adatoms plotted versus their Hartree-Fock free atom con-
figurations dn. The vertical dashed lines indicate the respec-
tive d-shell occupations nd on HOPG and FLG.
tion and a modification of the electronic 3d configuration
since the spectra are not merely a result of smearing out
the spectral intensity. These properties and similar spec-
tral shapes are also found in Ref. [10] and therefore seem
to be a benchmark for Co and Fe on graphene on SiC
substrates.
For a quantitative analysis, we use the first sum rule [28],
which directly correlates the integral resonant L2,3 XAS
intensity with the number of d electrons nd. The XAS
intensity corresponding to resonant transitions into d
states is obtained upon subtraction of a step function
from the measured XAS (grey lines underneath the ex-
perimental XAS data in Fig. 1), which takes into account
transitions into continuum states. For a direct compar-
ison of the different samples, we have normalized the
edge jump of all spectra according to their element spe-
cific x-ray absorption cross section, which vary by up to
20% [29]. Using the pure d6 Fe configuration found on
HOPG as a reference, the number of holes of all elements
can be estimated. In Fig. 2, the isotropic resonant XAS
intensity [30] is plotted versus the integer d-shell occupa-
tion of their respective free atom Hartree-Fock configura-
tion. Data points that are above (below) the line indicate
a decreased (increased) nd with respect to the free atom.
Discussion: Fe and Co
The pronounced variations in nd for Co and Fe on
HOPG and FLG point towards a different bonding con-
figuration on the two substrates, consistent with a re-
cent many-body, quantum chemical study of Co on
graphene [22]. This study predicts two equilibrium po-
sitions, at z ∼ 3.1A˚ and z ∼ 2.3A˚ corresponding to ph-
ysisorbed high- and low-spin configurations with dn and
dn+1 occupations, plus a chemisorbed dn+2 configuration
at higher energies (see sketch in Fig. 3). We suggest that
on HOPG, for both Co and Fe atoms, the activation bar-
rier ∆ph from high- to low-spin configurations is higher
than on FLG, so that impinging Co and Fe atoms are
trapped in the first potential minimum [31]. On FLG in-
stead, the dn+1 configuration appears to be more favor-
able for both Fe and Co, resulting in d7 and d8 electronic
configurations, respectively.
Our suggested substrate dependent activation barriers
for TM physisorption raises the question on the detailed
mechanism distinguishing the seemingly similar multi-
layer graphene samples HOPG and FLG. We can exclude
significant carbon band filling effects, since our results on
neutral FLG are very similar to those in Ref. [10] for n-
doped graphene. Moreover, we can rule out possible dif-
ferences in the carbon pz electrons Coulomb screening,
since according to Ref. [32] multi-layer graphene should
already behave similar to graphite.
Long-range forces are a better candidate, and they are
also consistent with the larger bonding distances for the
physisorbed species. Indeed, it was recently shown that
the substrate underneath graphene can greatly influence
the equilibrium position of adatoms or molecules e.g. via
van der Waals interactions [33]. While in our case we
do not expect strong differences in the van der Waals
forces for TMs on HOPG and FLG (contributions due
to the proximity of the SiC substrate should strongly
decay through 5 graphene spacer layers), electrostatic ef-
fects due to charge defects and substrate morphology at
the SiC interface are more plausible due to their larger
decay length. Native charged defects at the interface be-
tween SiC(000-1) and the first graphene layer have been
observed by STM in correspondence to the (2×2) recon-
struction [34, 35]. Similarly, for graphene grown on the
Si-terminated SiC substrates, the interface is known to
be quite disordered [36], leading to surface charges and
low energy interface states [37–39] which contribute to
graphene doping and give rise to long range effects.
At this point, we want to mention that for the case
of FLG, our experimental d-shell occupations for Fe and
Co are in agreement with previous DFT+U calculations
on free-standing graphene [21]. These calculations also
predict Fe and Co adatoms to favor top adsorption sites,
which is consistent with the spectral shapes found on
FLG. In fact, as evinced from the strong splitting and
mixing of |m| = 2 and |m| = 1 states in the DOS of Co
for top sites, the latter correspond to large cubic crystal
fields along the C3 symmetry axis of the octahedron [21].
According to our multiplet calculations, such values likely
lead to isotropic spectral shape, as observed in our data
(see SI). Conversely, the t2g level is hardly split in en-
4FIG. 3: Schematic potential landscape for physi- and
chemisorption of Co and Fe adatoms on graphene. The rela-
tive energies of the potentials of the three adsorption con-
figurations can shift with respect to each other for differ-
ent elements and substrates (indicated by the vertical dou-
ble arrows), which also affects the barriers ∆ph (between ph-
ysisorbed configurations) and the activation barrier ∆ch to-
wards chemisorption. All energies are given with respect to
the dns2 ground state in the free atom limit.
ergy and the lower levels a1 and eg are nearly degener-
ate. Therefore, for bridge and hollow adsorption sites,
we would expect significant XAS line-shape anisotropies.
Discussion: Ni and Cu
As notified in the introduction, a more complex behav-
ior is observed towards the end of the 3d transition row.
In Fig. 4, XAS and XMCD spectra for Ni and Cu on
HOPG and FLG are shown, for polar (a-b) and in-plane
(c-d) geometries. The observed differences in the spec-
tral shapes on graphene and HOPG gradually disappear
for the later 3d elements Ni and Cu. This is further un-
derlined by the electronic configuration shown in Fig. 2,
where for both substrates, Ni TMs are found close to d9
(nd ∼ 8.8 on HOPG and nd ∼ 9.3 on graphene), and Cu
TMs between d8 and d9 (about 8.4 on both substrates).
The reduced dependence on the substrate already hints
that long-range interactions are less important for Ni and
Cu. On the other hand it also shows that the theoret-
ically predicted anomalous broadening of TM impurity
levels due to interaction with Dirac Fermions [40] does
not lead to a different behavior on FLG compared to
HOPG. We also stress that, very intriguingly, neither Ni
nor Cu appear in the d10 configuration proposed by the-
ory [18, 19, 21, 41, 42]. A pure d10 configuration would
give a simple step function in XAS.
Modeling the Ni and Cu electronic structure is more com-
plex compared to Fe and Co. Energy differences between
ground and excited states are small, leading e.g. to com-
plex ground states in metallic Ni with superposition of d8,
d9 and d10 configurations [43], or the coexistence of s1d9
and s2d8 configurations for high-temperature Ni atoms
in the gas phase [44].
We first discuss the more transparent case of Cu. On
both HOPG and FLG, Cu shows a spectrum comprising
two well separated resonant contributions: a minority
one at ∼ 931eV with dichroism, and the predominant
non-magnetic one at larger photon energy. The minority
component has a slight angular dependence of the XAS
and XMCD, which we attribute to a final crystal field
potential. Its spectral shape resembles that of a pure Cu
d9 electronic configuration as shown in the simulations of
Fig. 4(e). We want to comment here that the minority
d9 species shows a pronounced beam-induced time effect,
which enhances its spectral weight upon longer exposure
times (see SI).
The predominant non-magnetic component is instead un-
usual. Here, the observation of a strong whiteline inten-
sity indicates a significant hole occupation in the d-shell,
however, the overall magnetic moment of the system is
zero. As we are going to show, this finding can be under-
stood only in the framework of a charge transfer (CT)
model accounting for charge fluctuations in the initial
and final states [24, 25, 45].
We model the effect of electron charges at the sur-
rounding carbon sites by a trigonal CF with symmetry
C6v for graphene hollow sites and C3v for top sites. We
consider the Cu atoms in a d8 configuration with two
additional electrons in a separate orbital E, which can
hop both on and off the atom. The groundstate wave
function is then a coherent superposition d8E2 + d9E1,
where the additional electrons in the orbital E repre-
sent the available states from graphene and from the TM
itself. This scheme has an even number of electrons per
configuration generating a spin singlet ground state. The
XAS simulation shown for Cu in Fig. 4(e) (green curve)
fit our data very well and lead to non-magnetic ground
states for both hollow and top sites. The fit corresponds
to a d-shell occupation of nd ∼ 8.1, which is close to the
independently derived value in Fig. 2.
We emphasize the fact that using a d8 configuration
with CF but without CT, cannot account for the ob-
served magnetic quenching, and moreover does not repro-
duce the XAS spectral shape. A d9 configuration would
appear as a more likely scenario, however a finite XMCD
would be found in any CF and neither the XAS spectral
shape (see simulation in Fig. 4(e)) nor the d-shell occupa-
tion would match the experimental results. Finally, if sd
hybridization [46] between the symmetry related 4s and
53d2z orbital would occur, the 11 electrons of Cu (s
1d10)
would be re-distributed in 12 orbitals, leading to a cer-
tain hole occupation with d character in XAS. However,
also in this case the d-shell occupation would be larger
than what is found experimentally and the XAS shape
similar to d9.
Since the 4s states are expected to be high in energy in
the vicinity of graphene and half-filled [41], the orbitals
E forming the coherent superposition d8E2 + d9E1 re-
quired in our model can only be the carbon pz states.
This scenario coherently explains the large XAS d reso-
nance in Figs. 4(b, d), the magnetic moment quenching,
and the average hole occupation nd = 8.4 found in the
experiments.
The proposed electronic configuration reveals a tendency
of Cu towards delocalization, that can be qualitatively
explained as a means to relieve the strong Coulomb re-
pulsion between d electrons. Since this non-magnetic
species with a large d resonance presumes a static charge
exchange with the substrate, the adatom-substrate inter-
action can be labeled as chemisorption.
Turning to the Ni adatom case, we note that the XAS
spectral shapes shown in Fig. 4 are similar on HOPG and
FLG, consistent with the comparable Ni d-shell occupan-
cies nd in Fig. 2. On both substrates XMCD signals are
observed, however, the one on FLG is strongly reduced
with respect to HOPG. Such substrate dependent mag-
netic properties are reminiscent of the earlier elements Fe
and Co in the 3d row, however they are far less prominent
in the case of Ni. The overall light substrate dependent
magnetic properties of Ni adatoms and similarities to the
Cu spectral shapes suggests an interpretation analogous
to Cu.
Similar to Cu, the Ni experimental XAS and XMCD
spectra in Fig. 4(a, c) appear to contain at least two in-
dependent species, leading to spectral weights with large
(peaks 1-2) and small (peaks 3-4) magnetic dichroism.
The sharp single peak (peak 1) in the XMCD at lowest
photon energies, particularly pronounced on HOPG, re-
sembles a d9 component as shown in Fig. 4(e) for the case
of Cu. It could be interpreted as physisorbed Ni with a
d9 configuration but, as seen from the angular depen-
dence, sensitive to the crystal field of graphene. Similar
to the minority Cu d9 species this Ni configuration shows
an increased susceptibility to beam-induced effects, how-
ever here the spectral weight decreases upon exposure
(see SI). On the other hand, analogous to the case of Cu,
we ascribe the components (3-4) to a coherent superpo-
sition d8E2 + d9E1 with an almost completely quenched
magnetic moment.
We want to comment that even though our experimental
data resemble those in Ref. [12] for Ni on graphene on the
Si-face of SiC, we arrive to a different interpretation em-
ploying the concept of charge fluctuation, which explains
the combination of prominent Ni 3d whiteline intensities
and suppressed magnetic susceptibilities. The key to the
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FIG. 4: XAS and XMCD spectra of Ni and Cu adatoms after
substrate background subtraction measured at T = 8K and
B=5T for polar (a-b) and in-plane (c-d) geometries. Respec-
tive coverages are 0.017ML for Ni and 0.005ML Cu atoms
on HOPG, as well as 0.023ML Ni and 0.005ML Cu on FLG.
Simulated XAS and XMCD spectra are shown in (e) for an in-
coherent superposition of Cu d9 with crystal field (D3q = 1eV,
Dσ = −0.04eV, Dτ = −0.02eV) and Cu d
8
E
2 + d9E1 with
crystal field (D3q = 2eV, Dσ = 0.14eV, Dτ = 0.08eV).
conceptual understanding is the Cu case, which serves as
the model system in the strongly hybridized limit. We
also note that the existence of two Ni species with differ-
ent magnetic behavior is consistent with the adsorption
scheme proposed in Fig. 2.
Finally, we address the question to what extent DFT
calculations can account for the formation of finite Ni mo-
ment, considering that earlier DFT calculations predicted
Ni adatoms on graphene to be non-magnetic [10, 18, 19,
21]. Our DFT calculations (see SI) suggest that short-
comings are connected with the inability of common DFT
schemes to describe many-body interactions which can
govern the adsorption geometry. Namely, if DFT-derived
adatom-graphene vertical distances zDFT are increased
by 25%, finite Ni moments form, provided that individ-
ual adatoms indirectly feel their proximity at intermedi-
ate lateral spacings in the range of 5A˚ < dNi-Ni < 10A˚.
6CONCLUSIONS
3d-shell electronic configurations of Fe, Co, Ni and
Cu adatoms on multi-layer graphene systems are de-
termined for the first time directly from experimental
x-ray absorption spectroscopy data. The combination
of experiment and simulations shine light on the long-
debated nature of substrate dependent interactions
between transition metals and supported graphene
surfaces.
On highly-ordered pyrolitic graphite Fe and Co are
found in weakly bound high-spin configurations as
predicted by quantum chemistry calculations including
long-range interactions. Density functional theory
calculations so far do not predict such findings, which
underlines shortcomings regarding the simulation of
adsorption processes on realistic graphene systems used
in experiments.
For the late 3d elements Ni and Cu we show that the
ground state can be well described by a coherent mixture
of d8 and d9 electronic configurations, which are subject
to charge fluctuations. The complex case of Ni and Cu
represents further motivation for ab-initio many-body
calculations.
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